far-infrared spectroscopy. 11 THz spectroscopy enables us to achieve the selective detection of weak inter-and intramolecular vibrational modes leading to the identification or analysis of molecular structures by using unique information obtained from the THz spectra.
Of the many techniques related to THz spectroscopy, THz time-domain spectroscopy (THz-TDS) 12, 13 is one of the most widely studied. It is noteworthy that recent advances in THz technology have led to the successful development of commercially available spectrometers for THz-TDS, [14] [15] [16] which in turn has popularized this method as a new analytical tool. A compact 17 and portable spectrometer 18 has also been realized, which offers great potential for real-time and on-site THz spectroscopic analysis. Furthermore, THz spectroscopy is no exception to the general tendency for machines to be miniaturized. A THz biosensing microchip for detecting illicit drugs has been demonstrated. 19 A micro-THz source was directly integrated into the glass substrate of a microchip, which has enabled the near-field THz absorption of a sample contained in the channel of the chip to be measured.
Another widely used technique is THz imaging, which measures the two-dimensional properties of THz spectra, namely the contrast of the THz absorption of the sample caused by inter-and intramolecular interactions. This approach is useful for tomographic studies and for analyzing the distribution and concentration of chemicals in targeted materials. 20, 21 Many applications using the unique merits of THz spectroscopy are expected to be developed, and these include security inspection, industrial process control, medical diagnosis, food inspection, and biological and biomedical imaging. Commercial THz imaging systems are already available.
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In this paper, we briefly review the highlights and provide a few illustrative examples in relation to THz spectroscopy as applied to recently developed analytical methods, and remark on future developments.
Terahertz Time-Domain Spectroscopy (THz-TDS)
THz-TDS 1,23 is one of the useful techniques of analytical THz spectroscopy, since it enables the detection and identification of molecules or materials that have strong absorption in the THz frequency region. THz-TDS was proposed as a coherent emission and detection system that emits single-cycle THz pulses, and detects them at a repetition rate of around 100 MHz. The spectroscopic method that employs the above emission and detection system with a femtosecond laser is called THz-TDS. A typical optical setup for transmission THz-TDS is shown in Fig. 2(a) . The femtosecond laser pulses are separated into a pump light to actuate the THz emitter, and a probe light to drive the detector. The generated sub-picosecond THz pulses are transmitted through the sample, and the change in the electric field intensity of the THz pulses over time is directly measured instead of detecting the power of the light. Then, the directly measured electric field intensity of a repetitive THz pulse in the time domain is converted to both amplitude and phase spectra in the frequency domain by using a Fourier transformation. Since the electric field is monitored without being disturbed by the atmospheric temperature, 24,25 the coherent detection obtained when a photoconductive (PC) antenna is switched by femtosecond pulses gives THz-TDS a higher signal-to-noise (S/N) ratio than conventional far-infrared spectroscopy, which employs blackbody radiation as a light source and photon detectors to measure the light power. Other methods such as reflection, attenuated-total reflection (ATR), and ellipsometry are also available, and their principles have been described in detail elsewhere. 23 Since the THz frequency matches the low-frequency vibration and the vibration modes of weak interactions, such as hydrogen bonds, THz-TDS constitutes a unique tool for studying various molecules and materials whose molecular and/or crystal structures are stabilized by these weak interactions. The steric structures of many biological molecules are stabilized by hydrogen bonds, and THz-TDS studies have been undertaken on proteins, 26 polypeptides, 7, 27, 28 and DNA. 29, 30 Figure 3(a) shows the absorption spectra of myoglobin powder obtained with THz (solid line) and Fourier-transform infrared spectroscopy (dotted line). Myoglobin is a relatively simple and well-studied protein. The spectral shape reflected a fairly smooth increase with frequency, and the spectrum lacks any identifiable absorption structures that can be assigned to intrinsic vibrational or rotational modes. This is a common feature of the THz spectra of most protein molecules. Calculations were performed for a single myoglobin molecule, and approximately 400 normal modes were found in the spectral region below 3 THz. Since this means an average of two modes within 15 GHz spectrometer resolution, most modes would not be individually resolvable. 26 Figure 3(b) shows the THz spectra of polypeptide powder of glycine, (Gly)n (n = 1 -4). As the chain length increases, distinct and new absorption features were produced. 27 Because a protein molecule consists of a long polypeptide chain, it is reasonable that the number of normal modes increases beyond the spectral resolution. It is worth mentioning that aqueous samples of these molecules are difficult to observe with transmission THz-TDS owing to the high absorption of THz waves by polar liquids, such as water. Thus, the molecular vibrational modes of the molecules have been mainly investigated in their solid form by, for example, pressing powders into pellets. Important small biological molecules such as amino acids, 6,7,9,31-34 DNA components, 5 sugars, 35, 36 and pharmaceutical molecules [37] [38] [39] are also studied by THz-TDS because these molecules have sharper spectral features in the THz frequency region because they have fewer normal modes, and are thus much easier to characterize. of epilepsy and other neurological disorders. Forms I and III of carbamazepine were found to have large spectroscopic differences in the THz region. 38 This shows that THz spectroscopy is particularly sensitive to the intermolecular bonding of materials and is well suited to the study of polymorphism. Figure 4 (b) compares the THz spectra of a sucrose single crystal obtained with different angles between its b-axis and THz polarization. The spectral feature changes greatly as the angle is changed. A strong absorption peak indicates good THz polarization coupling with the hydrogen bond direction in the crystal or with the oscillating dipole of a molecular vibrational mode. 36 This also shows that THz spectroscopy is sensitive to the intermolecular bonding of materials and is a powerful tool for studying the orientation or order of materials. Although theoretical predictions have recently been made by using solid-state density functional theory calculations, 38, 40, 41 it is still difficult to assign THz peaks by using theoretical models. Moreover, the calculations have not agreed sufficiently well with experimental results, even with small molecules, because the theoretical models do not take complete account of the appropriate crystalline conditions or hydrogen bonding effects. 32 THz-TDS employs several types of optical arrangement classified as transmission, reflection, ATR, and polarization arrangements including ellipsometry. The principles have been detailed elsewhere 23 and here we provide example applications of these methods. It is difficult to observe optically thick samples or samples in polar solvent with transmission THz-TDS owing to the high absorption of THz waves, however, THz-ATR spectroscopy can offer an alternative to transmission THz-TDS. 42, 43 This method has been used to study the refractive indices of liquids, such as acetone and methanol, and the complex dielectric constants of doped semiconductors as InAs, or that of an aqueous solution of sucrose. An attempt to conduct a THz-TDS analysis of gas-phase sensing has been reported, [44] [45] [46] [47] and the types of samples that can be used with THz-TDS are almost unlimited.
Terahertz Imaging
THz imaging is a technique that provides the two-dimensional properties of the THz absorption of a sample. 48, 49 This technique has attracted a lot of interest as regards THz applications, and is useful for analyzing the distribution and the concentration of chemicals in targeted materials. 20, 21 THz imaging detects absorption caused by weak inter-and intramolecular vibrational modes, which makes identification possible by using the unique information. Moreover THz imaging can be used to analyze samples covered with invisible materials that are transparent to THz waves, since THz waves can pass through a wide variety of non-polar materials, such as paper and plastics, 2 which are commonly used as packaging substances, as described in the previous section. Another noteworthy property of THz waves is that they cause almost little damage to materials, and thus can be used to detect fragile biological materials. 4, [50] [51] [52] [53] [54] [55] This makes THz imaging a particularly promising tool for analyzing biological and medical samples, such as teeth, 52 skin, 53, 54 and cancer tissue. 55 The feasibility of THz imaging was demonstrated in systems designed for THz-TDS that were based on picosecond THz pulses, 56 and also in systems based on continuous-wave (CW) THz sources, 57 such as the THz-wave parametric oscillator, the quantum cascade laser, and the optically pumped terahertz laser combined with a detector such as a bolometer, a Golay cell, or a Schottky diode. While THz pulse imaging has the advantage of providing an image with broad frequency information between 0.1 and 5 THz, the advantage of the CW imaging technique lies in its real-time operation, frequency sensitive measurement, and higher dynamic range, which result from orders of magnitude higher power of its spectral density. 58 In either case, the performance of the light source, which is evaluated in terms of coherency in time and space, power, and stability, is significant, as is the sensitivity and stability of the detector. A THz image can be obtained by mechanically scanning the sample in two dimensions using a THz spectrometer, 48 however, it takes long to measure a large image, although a high-speed imaging system has been investigated. Real-time imaging is useful when screening mail for drugs for example, since this requires rapid classification by absorption in the narrow frequency bands of the unique spectral fingerprints of certain target chemicals. Real-time THz imaging is possible by using an array THz-wave detector such as a pyroelectric camera 36, 59 or a THz imaging system employing an electro-optic (EO) crystal as a THz sensor and a CCD detector to capture the THz image through EO signal conversion. 60 Although a CCD camera is insensitive to THz waves, an EO crystal, such as ZnTe that is located in front of the CCD camera responds to the THz wave depending on its intensity and birefringence, which are induced within the EO crystal. The backward CCD camera detects the birefringence pattern by using another probe light. A typical optical setup for THz EO imaging is shown in Fig. 2(b) . The basis of THz imaging has been described elsewhere in detail. 61 Several applications of THz imaging have been studied by analyzing the distribution and concentration of chemicals in samples, such as medicine. 6 Figure 5(a) shows two-dimensional THz chemical mapping of lactose α monohydrate, acetylsalicylic acid, sucrose and tartaric acid compressed pellets. The mapping image shows the spatial distributions of (A) lactose, (B) sucrose, and (C) the reconstructed chemical map of the sample. 39 Figure 5(b) shows THz images of five different chemical samples formed by integrating the peak area around the frequency of the intrinsic vibrational modes of each chemical. 2,4-DNT, RDX, and glutamic acid can be identified in the images of their corresponding absorption peak frequencies. 21 To identify the sample, one should first know the THz spectral feature of the components and compare it with the THz image at a certain frequency where the target material has an identical THz absorption peak. 21 However, it is difficult to identify components that have rather featureless absorption in the measured frequency region, such as proteins. A useful approach has been proposed for analyzing THz images of these featureless samples by using chemometrics techniques, such as principal-component analysis and hierarchical clustering analysis. 55 A problem with THz imaging is the poor resolution of the THz images, which is estimated in terms of the diffraction limit, namely it is sub-millimeter at best. To overcome this resolution limitation, near-field microscopy has been applied to the THz region to achieve sub-wavelength resolution. 62 This technique has another problem, namely the low transmission through the aperture, which results in low sensitivity. A number of optical designs have been proposed to achieve high throughput and high resolution.
Quantitative Chemical Analysis of Intermolecular Hydrogen Bonds
The THz spectroscopic features of a wide variety of 188 ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 materials/molecules have been studied by using the THz absorption caused by inter-and intramolecular vibrational modes as described in the previous section. However, little had been investigated 33, 63 as regards quantitative analysis with THz-TDS due to the difficulty of obtaining a reliable molar absorption coefficient for these vibrational modes.
To investigate the potential of quantitative analysis by THz spectroscopy, we chose hydrogen bond rich substances as test samples, and measured the THz spectra of five different amino acid powder samples (L-glutamic acid, L-cysteine, L-histidine, Lglutamic sodium salt, and L-glutamic acid hydrochloric salt) at several different concentrations. We found that the optical density, or absorbance, is proportional to the concentration in the 0.5 to 3.0 THz region 33 (Fig. 6 ). The absorption in this region can be regarded as being the contribution of intermolecular interactions, such as the vibration of hydrogen bonds. 32 We then calculated the molar absorption coefficient of each amino acid in the 0.5 to 3.0 THz region and used it as a standard spectrum for the further quantitative analysis of mixed L-Glu, L-Cys, and L-His samples. We succeeded to calculate the concentration of each amino acid component in a mixed sample with an error of less than 11% when the amino acid concentration was higher than 0.45 mol L -1 . This quantitative study revealed the potential for using THz-TDS for the detection and identification of amino acids and the determination of their concentrations in unknown mixture 189 ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 [a]
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samples according to their characteristic hydrogen bonds.
The quantitative detection and identification of characteristic hydrogen bonds in cocrystal compounds by using THz-TDS is different from that of mixtures of single crystals. Figure 7 shows the THz spectrum of a two-component cocrystal that was obtained by grinding together phenazine acid (phen) and mesaconic acid (mes), which was compared with that of a single component crystal of phen and mes. The cocrystal (phen)·(mes) was made up of infinite chains held together by pairs of O-H·N and C-H·O hydrogen bonds. Despite having chemically similar constituents, the cocrystal has a characteristic THz spectrum, reflecting the differences in molecular packing and exhibiting the distinctive features of the lattice vibrational mode of hydrogen bonds, which is different from those of the single component crystals, and this characteristic could be used for quantifying the cocrystal formation. 64 A similar phenomenon was also observed in the THz absorption spectra of L-, D-, and DL-alanine. 31 A large difference was found between the peak frequencies of enantiomers L-and D-alanine and the racemic compound DL-alanine. The composition ratio of the racemic compound to the enantiomers can be determined quantitatively from the ratio of the intensity of the characteristic peaks. These studies are good examples that show that THz-TDS is an extremely sensitive method for detecting and identifying the hydrogen bonds that make up the crystal formations.
Selective Detection of Intramolecular Hydrogen Bonds
THz-TDS is sufficiently sensitive to detect hydrogen bonds, however, it is difficult to assign or distinguish intramolecular modes from intermolecular modes observed in a very similar frequency region, even though theoretical models have been improved. 28, 40, 41 Recently, we proposed a way to distinguish intramolecular modes selectively from intermolecular modes by incorporating target molecules in nano-sized spaces in porous materials to reduce the effect of the intermolecular interactions. 65 We measured the THz spectra of low molecular weights of organic acids, namely maleic and fumaric acids, with THz-TDS and compared the differences between the spectral features of the bulk crystal form and the molecules incorporated in the nano-sized pores of mesoporous silicate. We found that the intermolecular modes observed with fumaric acid crystals were inactivated by incorporating the molecules in the nanosized pores due to the separation of the molecules, whereas the intramolecular modes of maleic acid of the crystal and the incorporated samples were similar. The same phenomenon was observed with aromatic carboxylic acids, namely o-phthalic, benzoic, and salicylic acids, which form either intra-or intermolecular hydrogen bond(s) in different ways. 66 The results show that THz-TDS using nanoporous materials is a promising technique for selective discrimination between intramolecular modes and intermolecular modes in materials that have complicated hydrogen-bonding networks.
Detection of Intramolecular Modes in Ice
Temperature-dependence measurements are also commonly used with THz-TDS to clarify the spectral features. Since heatinduced frequency shifts and resonance broadening are observed for certain THz absorption bands, 5, 6 THz spectra measured at lower temperatures generally have sharper spectral features. Moreover, the behavior of each THz band, that is the change in the peak position and/or bandwidth with changes in the temperature, is different because of the different nature of the THz absorption, and thus inter-and intramolecular modes can be roughly distinguished by analyzing the temperature dependence. 32, 66 Low-temperature measurements can be used to study samples in ice. Although the absorption of THz waves is high in water, THz waves can propagate further in ice because ice has fewer normal vibrational modes than water. 67 Moreover the dielectric properties of ice and water are significantly different in frequency in the THz regions; water is highly reflective, but ice is quite transparent. 68 The THz absorption peak of a sodium chloride ion pair trapped in ice was successfully observed around 1.65 THz at 83 K 69 and the absorbance of the peak was almost proportional to the concentration of the sodium chloride in the aqueous precursor solution. Sodium chloride ion pairs were also detected in actual biological samples such as Ringer's solution. The origin of the THz absorption peak has not been assigned, precisely because it is difficult to accurately calculate the theoretical model for such ion pairs trapped in ice; however, the result extended the potential of THz-TDS and opened the way to the detection of intramolecular modes and their behavior in ice.
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